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STEELS FOR LARGE SOLID-PROPELLANT
ROCKET-MOTOR CASES

SUMMARY

Over the past few years, several alloy steels that have been used for other applica-
tions requiring service at high strength levels have come into prominence for use in
large solid-propellant rocket-motor cases. Of particular interest for current rocket-
case applications are AISI 4340, AMS 6434 (modified), Ladish D-6ac, and H-11 bhot-work
tool steel. For example, experience at Douglas Aircraft Company has indicated that
AISI 4340 steel, fabricated by rolling and welding and heat treated to 260,000 to 280,000
psi tensile strength, is entirely satisfactory for the first and second stages of the Nike
Zeus missile. As with other motor-case producers, a period of '"learning' and improving
on the production and inspection procedures was required before the know-how was gained
to produce satisfactory cases. Modified AMS 6434 steel has been specified for the first
and second stages of the A-1 Polaris and for the first stage of the A-2 Polaris missiles.
In making first-stage Minuteman cases, Allison Division of General Motors Corporation
has used D-6ac steel which is a consumable-electrode arc vacuum-melted version of
Ladish D-6a steel. Cases for the first and second stages of the Pershing missile have
been made of H-11 steel by Pratt and Whitney.

Treatments and properties of the above steels and other alloy steels that are being
used or considered for rocket-motor cases are discussed in this report.

Because of the importance of achieving minimum weight for the inert parts in all
stages of each rocket system, the specifications require heat treatment of the alloy steel
cases to relatively high strength levels. The object is to obtain the highest strength in
the steel cases consistent with adequate toughness so they will withstand the design pres-
sures along with other service requirements and still have minimum inert weight. The
design and fabrication should be such that the stresses caused by internal pressurizing
are as uniform as possible. The inspection techniques should be capable of detecting all
flaws larger than normal inclusions. These requirements have led to considerable re-
search and development on high-strength sheet steels and methods for evaluating them.
In addition, there has been considerable study of design parameters to obtain more
uniform stresses in the structures.

Improved techniques also were required for locating small flaws which can cause
failure at low nominal stress levels. Many of the early cases on the Polaris program
failed during hydrotesting at nominal stresses much lower than the design burst stresses
because of flaws in the welds or of other factors which caused stress concentrations.

Even though there has been considerable advancement in the technology of high-
strength sheet steels over the past few years, a continued research effort is warranted
in many areas as discussed in other parts of this report.
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HIGH-STRENGTH STEELS FOR ROCKET-CASE APPLICATIONS

Table 1 lists the compositions of the main high-strength alloy steels, other than
stainless steels, that have been considered for rocket-motor cases. AISI 4130 steel
(and 4135) of the chromium-molybdenum type has been used extensively for small solid-
propellant rockets that do not require materials of the high strength levels preferred for
the larger cases, The remaining steels in the low-alloy-steels group in Table 1 are all
nickel-chromium-molybdenum types. AISI 4340 steel is well known for its high harden-
ability and its high strength properties resulting from standard quenching and tempering
treatments. Prior to its use in high-strength rocket cases, this steel was used pri-
marily in highly stressed forgings such as aircraft crankshafts, connecting rods, and
landing-gear assemblies. Thus, considerable experience has been gained with this steel
over a period of many years.

AMS 6434 steel is a modification of the AISI 4340 type and contains vanadium. The
vanadium addition tends to raise the coarsening temperature of the austenite so the
microstructure of the heat-treated steel is relatively fine grained.

Ladish D-6a steel has higher carbon content, less nickel and vanadium, and more
chromium and molybdenum than AMS 6434 steel. The increased carbon permits higher
maximum strengths in the heat-treated steel than would be possible with lower carbon
contents. However, the higher carbon also tends to decrease the fracture toughness as
compared with a lower-carbon steel at the same strength level. Thus, control of the
carbon content to balance the required strength and toughness of the steel in the heat-

treated condition is a critical factor in selecting steels for service at high strength levels.

Increased chromium and molybdenum contents over the base AISI 4340-steel type
normally require higher austenitizing temperatures. The usual austenitizing tempera-
ture for 4340 steel prior to oil quenching is 1550 F. Several hardening treatments have
been used for D-6a steel. These include quenching from 1650 F or quenching from 1550 F
after a prior treatment at 1650 F (see Table 4, page 12). The lower austenitizing tem-
perature prior to quenching is preferred to minimize distortion. The hardenability of the
D-6a steel is such that large cases may be quenched in salt at 400 F to stabilize the tem -
perature at this level before complete transformation to martensite, which occurs on
further cooling in air to room temperature. This treatment causes less distortion than
is obtained with direct oil quenching to room temperature.

Furthermore, the molybdenum and chromium contents of D-6a are high enough to
retard the tempering effect during tempering, thus permitting higher tempering tempera-
tures than can be used to produce the same strength level in AISI 4340 or AMS 6434 steel.
Higher tempering temperatures are desirable from the standpoint of relief of residual
stresses and improvement in die straightening during tempering. In addition, the
molybdenum content of D-6a is sufficient to minimize temper embrittlement.

Ladish D-11 alloy is similar in composition to D-6a except that it has higher
molybdenum and vanadium contents. It has been considered for future rocket cases,
Only limited data are available on sheet material of this alloy,
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From 1 to 2 per cent of silicon in

raises the 550 F embrittlement temperature. For this Treason, relatively high strengths
are achieved without embrittlement when the high-silicon steels are tempered from 550
to 700 F, Tempering in this Trange permits greater stress relief than is obtained at

425 F, which is often used for AISI 4340 steel for high-strength service. The most
prominent high-silicon alloy steels that have been considered for rocket cases are listed
in the second group in Table 1. Each of these steels wz 3 developed for use at high
strength levels. Austenitizing temperatures for these steels are in the range from 1575
to 1750 F. They have been hardened by quenchi g in air, molten salt at 400 F, or oil,
depending on the section size and other factors. In welded construction, there has been
some indication that the high-silicon alloy steels tend to develop small cracks in the
welds. However, General Electric Company has used 300-M steel for rocket cases
which require only girth welds, Low-silicon filler wire is used to minimize the cracking

tendency. Welding of these steels needs to be studied further because Present data are
limited.

alloy steels retards the tempering effect and

Several other steels containing about 1.0 per cent silicon and also 1.0 to 1.5 per
Cent cobalt have been developed for high-strength rocket cases at Mellon Institute, Com-
positions of these steels are shown in the third group in Table 1, The carbon and silicon
contents as well as the alloy additions have been intentionally bal
toughness, high strength, and good weldability., The cobalt addit
fine grain structure in the heat-treated steel.
pressure-vessel tests, and one or more develo
evaluation studies,

ion reportedly promotes
In developing these steels, burst tests,
Pmental rocket cases were used for

Another class of steels that has been considered for ro

cket-case applications is
the hot-work die steels. These steels can be heat treated to

by air or inert-gas quenching. They exhibit
secondary hardening during tempering, Austenitizing temperatures are usually in the
range from 1900 to 1950 F, and tempering temperatures are usually in the range from
1000 to 1100 F, The high tempering temperature tends to promote relief of residual
stresses. Welding of the high-chromium hot work steels requires very close control of
preheat and postheat operations to minimize weld cracking and distortion. This has been
done satisfactorily on girth welds of Pershing missile cases in which the cylindrical
section is produced by power-roll forming. However, longitudinal welds on develop-
mental cases of H-11 steel have resulted in considerable distortion which would be a
serious problem in cases too large to produce by power-roll forming,

Of the hot-work die steels, current effort has
It is being heat treated to somewhat higher yield-
steels. There are a number of modific
not shown in Table 1,

been concentrated on the H-11 type.
strength levels than the lower alloy

The high-nickel Mar-Aging steels are a new cl
high nickel content, cobalt, and other alloy additions
types that are of interest for high-strength rocket cases are noted in the last section of
Table 1. The bardening reaction is rather complex, but the heat-treatment Produces a
low-carbon martensitic matrix which is hardened by a precipitation mechanism during
maraging, The final treatment after forming, welding, etc. » consists only of maraging
at 850 or 900 F, and quenching is not necessary. It has been reported that these steels
can be welded satisfactorily and have adequate fracture toughness at high strength levels,

ass with very low carbon content,
« The compositions of the three
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Yield strengths of approximately 280,000 psi can be achieved with the 18Ni-9Co-0.5Ti
type. Because of these advantages, the Mar-Aging steels are being considered for very
large rocket cases which must be fabricated by the roll-and-weld techniques and which
are too large for heat treating in the largest available austenitizing furnaces. Much work,
however, remains to be done before the full potential of these new steels will be
established.

Several of the heat-treatable stainless steels have also been considered for rocket-
case applications. However, in reviewing these steels for rocket-case programs,
engineers at the Budd Company(1)* and others have indicated that they can be considered
only when used with special fabrication techniques. The stainless steels of the highest
strength levels acquire their strength by a combination of cold working and heat treat-
ment. Fusion welding causes softening in the heat-affected zone, and the high strength
cannot be recovered by further heat treatment. Furthermore, it has been noted that the
heat-treatable stainless steels at their highest strength levels have relatively low frac-
ture toughness (except when produced in relatively thin sheet).

One experimental fabrication technique that is in the development stage at Borg-
Warner and adaptable to stainless steel strip is the formation of cylindrical sections by

staggered.(2) An adhesive strip is interwrapped between the two steel strips. Curing of
the adhesive at elevated temperatures and under pressure from a special mandrel results
in bonding of the two layers of strip. AM 355 stainless steel strip cold rolled and tem -
pered to a tensile strength between 350,000 and 360,000 psi has been used in the develop-
ment program.,

Another experimental fabrication technique that has been used for austenitic stain-
less steels is cryogenic stretch forming, (3,4) 1p this process, a roll-and-welded
preform is made of annealed austenitic stainless steel such as Type 301. The preform
is cooled to -320 F in liquid nitrogen and pressurized to cause plastic expansion in a die.
The plastic deformation results in a substantial increase in the Properties of the material.

These special fabrication methods adapted to the stainless steels do not require
welding of the metal after the optimum properties are obtained. Up to the present time,
they have been used only for relatively small Pressure vessels,

REVIEW OF MECHANICAL PROPERTIES OF
HIGH-STRENGTH STEELS

Data on the tensile Properties of high-strength steels as sheet specimens heat
treated to high strength levels and representing various melting procedures, heat treat-
ments, etc., have been available only in the last few years. For this reason, data on
tensile properties of a number of the alloys listed in Table 1 are included in this section.
Effects of tempering temperature, direction of specimen in the sheet, melting practice,
quenching procedure, and other factors on the tensile properties are illustrated in the
tables discussed in the following paragraphs,

*Numbers refer to references listed at the end of the report,
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Yield strength-density ratios and tensile strength-density ratios are also given in
the tables in order to have a common basis for comparing the strength values. Certain
goals for the strength-density ratios of rocket-case materials are often mentioned, e.g.,
1,000,000-inch tensiie strength-density ratio. The ratios given in the tables will aid in
evaluating the steels on this basis., Compositions of the steels and the heat treatments
are also noted in the tables to provide as much information as possible. Only limited
information on the degree of decarburization is given, although this is an important vari-
able which is often neglected or improperly assumed to be negligible.

Furthermore, data from several sources are given for each alloy to provide a
broader view of the tensile properties that can be expected.

In Table 2, it will be noted that the yield strength for 4340 steel, 0il quenched and
then tempered at 425 F, is slightly over 200,000 psi. This is in the tempering tempera-
ture range usually used for motor cases of this steel. Thus, yield strength-density
ratios of 700,000 to 800,000 inches can be achieved with this steel (or tensile strength-
density ratios of 890,000 to 990,000 inches). The data show no marked differences in
properties between longitudinal and transverse specimens or between air-melted,
vacuum-melted, and consumable-electrode vacuum-arc-melted material. Effects of
these variables are seldom noticed in unnotched tensile data, However, effects of melt-
ing procedure and specimen orientation are usually evident in results of sharp-notched
tensile tests and in fracture toughness data which are not included in this report.

The tensile properties of AMS 6434 steel, as shown in Table 3, are much the same
as for corresponding specimens of AISI 4340 steel, as would be expected from the simi-
larity in compositions. ’

Tensile properties of sheet specimens of D-6a steel are shown for a range of tem-
pering temperatures in Table 4. The maximum tensile strengths that can be obtained
with this steel are slightly higher than for AISI 4340 or AMS 6434 steel because of the
higher carbon content. The yield strengths at the lower tempering temperatures are
comparable, but the D-6a steel retains higher yield and ultimate strengths after temper-
ing at the higher tempering temperatures, e.g., from 600 to 950 F. This is the range of
tempering temperatures used for pressure vessels and motor cases of D-bac steel.
Thus, the yield strength-density ratios are from about 700,000 to 780,000 inches for
this steel (or tensile strength-density ratios from about 750,000 to 900,000 inches). A
tempering temperature of 950 F is usually used for D-6ac cases to achieve a suitable
balance of strength and toughness.

Tensile properties of D-11 steel sheet specimens are reported to be 235,000 psi
yield strength, 255,000 psi tensile strength, and 8 per cent elongation. These properties
are achieved by a proprietary treatment developed at Allison. Quenching is in salt at
400 to 425 F and final tempering is at 1050 F.

Of the high-silicon alloy steels, Type 300-M is probably the best known (formerly
Tricent). This steel is normally hardened by austenitizing at 1575 F, oil quenching, and
tempering at 600 F. As indicated in Table 5, this treatment usually results in a yield
strength of about 230,000 psi and a tensile strength of 270,000 to 280,000 psi. These
values are somewhat higher than the corresponding values for AISI 4340 steel. The
balance of carbon content, silicon, and other alloying elements has a marked effect on
the properties of this alloy. This is probably why the specimens referenced by (c) in
Table 5 have higher strengths for the 600 F tempering temperature.
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TABLE 2. TENSILE PROPERTIES OF AISI 4340 STEEL OVER RANGE OF TEMFERING TEMPERATURES "
Tempering Yield Strength Tensile Elongation Yield Strength- Tensile Strength- .
Temperature, (0. 2% Offser), Strength, in 2 Inches, Hardness, Density Ratio, Density Ratio,
F 1000 psi 1000 psi per cent Rc 1000 in. 1000 in,
0.10-Inch Sheet()
Longitudinal Specimens
400 230 280 8.5 813 990
600 216 241 6.0 764 852
800 196 209 1.0 693 740
1000 166 1175 10 586 620

Transverse Specimens :

400 221 276 1.5 782 975

600 215 245 6.0 760 867

800 199 210 6.5 704 742

1000 167 1175 9,0 590 620
Air Melted 0.080-Inch Sheet(b)

Longitudinal Specimens

350 208 264 7.0 52 735 933

425 204 250 6.0 50 721 884

500 198 2317 6.5 48 700 838

700 182 204 6.0 44 643 720 4
Transverse Specimens

350 215 275 6.0 52 760 972 i

425 205 2563 6.0 50 725 895

500 204 245 4.5 49 720 865

700 184 210 4.5 45.56 650 743

Vacuum Melted 0.090-Inch Sheet(<)

Longitudinal Specimens

425 214 266 7.0 49 787 940
5§00 206 252 7.0 49 728 890
700 186 215 6.5 42 658 760

Transverse Specimens

425 216 268 6.5 51 763 947
500 208 252 6.0 49 735 890
700 187 218 6.5 43 662 770

CEVA Melted 0.080-Inch Shoet(d)

Longitudinal Specimens

350 220 280 7.0 54 778 990
425 211 260 6.5 52 746 918
500 201 244 6.5 50. 5 710 862
700 186 215 6.0 47.86 658 760
Transverse Specimens z
350 220 280 7.0 54 778 990
425 211 259 6.8 52 746 915
500 203 246 7.0 51 718 870

700 187 213 6.0 47 662 753
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TABLE 2. (Continued)

Tempering Yield Strength Tensile Elongation Yield Strength- Tensile Strength-
Temperature, (0.2% Offser), Swength, in 2 Inches, Hardness, Density Ratio, Density Ratio,
1000 psi 1000 psi per cent Re 1000 in. 1000 in.

Air Melted 0.095-Inch Sheet, Oil Quenched(®)

Longitudinal Specimens

400 214 265 8.3 50 756 937
500 208 245 7.2 48 735 866
600 206 233 6.2 41.5 728 824
700 196 215 6.2 45 693 788
800 186 196 6.5 42,5 660 693
900 174 180 8.2 40,5 615 636
1000 160 165 10,0 37.5 565 583

Air Melted 0.095-Inch Sheet, Salt Quenched 400 F for 5 Min.(®)

Longitudinal Specimens

400 200 268 9.0 51 707 948
500 208 250 6.3 49,5 735 884
600 206 236 6.3 47.5 725 834
oo 185 216 6.5 45 690 763
BOO 182 195 7.0 42 667 690
800 113 182 8.3 40 622 644
1000 159 165 11.0 36 562 583

Note: Density 0.283 1b/in. 3.

(2 1525F 1hr, 0Q, temper 1 hr; 0. 40C, 0.83Mn, 0.21s1, 0.72Cr, 1.77Ni, 0.26Mo, (5

(b) 1575F 40 min, 0Q, temper 2 + 2 hr; 0.38C, 0.54Mn, 0.21si, 0.011p, 0.026s, 0, 71Cr, 1,45Ni, 0, 25Mo, 42 ppm Ng,
41 ppm Oy, 2.7 ppm Hz.(s)

(c) 1575F 40 min, OQ, temper 2 + 2 hr; 0.40C, 0.70Mn, 0,28si, 0.011pP, 0.005s, 0, 89Cr, 1.93Ni, o, 20Mo, 0, 06V.(6)

(d) 1575F 40 min, 0Q, temper 2 + 2 hr; 0.40C, 0.43Mn, o0, 1781, 0.011pP, 0. 005s, 0. 84Cr, 1,.95Ni, o, 25Mo, 9 Ppm Ng,
12 ppm Og, 1.2 ppm H2.(

(¢) 1500 F s(a’;t82)0 min, oil or salt quench, temper 2 hr; 0. 40C, 0.75Mn, 0.009P, 0.007s, 0.30si, 1. 75Ni, 0.175Cr, 0.22Mo,
0,02A1.¢7»




10

TABLE 3, TENSILE PROPERTIES OF AMS 6434 (MODIFIED) STEEL OVER
RANGE OF TEMPERING TEMPERATURES

Tempering Yield Strength Tensile Elongation Yield Strength- Tensile Strength-
Tempetature, (0,.2% Offset), Strength, in 2 Inches, Hardness, Density Ratio, Density Ratio,
F 1000 psi 1000 psi per cent Rc 1000 in. 1000 in,

Air Melted 0 109-Inch Sheet{?)

Longitudinal Specimens
400 219 50
500 216 48
25 207 46

Transverse Specimens
400 210 268 51
500 213 250 51
725 211 228 46

Yacuum Melted 0.090-Inch Sheet(b)

Longitudinal Specimens
400 206 252 49
500 208 238 41
725 194 218 45

Transverse:Specimens
400 49.5
500 47
725 45

CEVA Melted 0.080-Inch Sheet(c)

Longitudinal Specimens
400 219 49
500 221 49
726 199 42

Transverse Specimens

400 221 269 5.5 49 780 950
500 218 2517 5.5 48 710 910
128 200 220 5.5 43 707 778

Air Melted 0.095-Inch Sheet, Oil Quenched(d

Longitudinal Specimens

400 21 260 7.5 49 746 920
500 208 246 6.0 417 735 870
600 203 232 6.8 45 7117 820
700 197 219 7.2 46 6917 114
800 190 203 6.5 44 672 718
900 182 191 8.3 42 644 675
1000 176 187 10.2 39.5 622 660
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TABLE 3. (Continued)

Tempering Yield Strength Tensile Elongation Yield Strength- Tensile Strength-
Temperature, (0. 2% Offset), Strength, in 2 Inches, Hardness, Density Ratio, Density Ratio,
F 1000 psi 1000 psi per cent Rc 1000 in. 1000 in.

Air Melted 0.095-Inch Sheet, Salt Quenched 400 F 5 Min.(d)

Longitudinal Specimens

400 197 261 8,0 47,5 696 925
500 206 243 6.7 45 728 860
600 196 226 6.7 44 693 800
700 192 213 6.3 42 680 753
800 194 198 1.5 40.5 685 700
900 180 192 8.2 42 636 680
1000 173 184 10.3 39.5 611 650

Note: Density 0.283 1b/in. 3,

(a) 1575F 20 min, OQ, temper 2 hr; 0.36C, 0.73Mn, 0.019P, 0.015S, 0. 33Si, 178N, 0.86Cr, 0.31Mo, 0.19V.(9

(b) 1575 F 40 min, OQ, temper 2 hr; 0.35C, 0.67Mn, 0.30Si, 0.010P, 0.,007S, 0.90Cr, 1.93Ni, 0.33Mo, 0.20V.(10)

(¢) 1575F 40 min, OQ, temper 2 hr; 0.37C, 0.39Mn, 0.4651, 0.010P, 0.0055, 0.92Cr, 1.67N1, 0.30Mo, 0.20V, 26 ppm Na,
4 ppm Og, 1.3 ppm Hy. 6

(d) 1625 F salt 30 min, oil or salt quench, temper 2 hr; 0.36C, 0.74Mn, 0.008P, 0.008S, 0.288i, 1.72Ni, 0, 76Cr, 0. 33Mo,
0.20v, 0.03A1 (1D
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TABLE 4. TENSILE PROPERTIES OF LADISH D-6a STEEL OVER RANGE OF TEMPERING TEMPERATURES

Tempering Yield Strength Tensile Elongation Yield Strength- Tensile Strength-
Temperature, (0. 2% Offsey), Strength, in 2 Inches, Hardness Density Ratio, Density Ratio,
F 1000 psi 1000 psi per cent Rc 1000 in. 1000 in.
Air Melted 0.100-Inch Sheet(%)
Longitudinal Specimens
000 251 275 5.0 8817 972
700 243 259 5.0 860 915
800 230 237 6.0 814 838
900 225 236 7.5 795 834
1000 205 219 9.5 725 114
1100 186 191 8.0 657 675
Transverse Specimens
600 255 279 4,5 900 985
700 228 249 5.5 805 880
800 224 236 6.0 790 835
900 214 219 8.0 151 715
1000 210 220 10.0 742 118
1100 192 201 7.5 680 1710
0.110-Inch Sheet™
Transverse Specimens
400 228 300 8.0 806 1060
600 220 259 6.5 718 915
800 206 230 7.0 730 815
1000 196 212 9,0 693 150
CEVYA Melted (Déac) 0.072-Inch Thick Specimens Quenched in Salt at 400 F(c)
400 208 2817 8 52 735 1010
450 224 2717 7 51.5 192 980
500 229 2n 6 50 810 960
850 225 261 5.5 50 795 922
600 221 254 5.5 49 780 898
650 218 249 8.5 48 7170 880
700 208 235 5.5 46 135 830
750 212 235 6 46 1750 830
800 209 229 6 45 740 810
850 208 224 6.5 45 735 792
900 199 213 1 44 704 753
950 200 214 8 44 706 156
1000 195 2017 8.5 44 690 133
Dé6ac, Minimum Properties (Allison)(d)
950 195 228 7 690 805

Note: Density 0,283 1b/in. 3.

(a) Normalize 1650 F, austenitize 1550, air quench, surface layers removed after heat treating.(m)

(b) Normalize 1650 F 40 min, austenitize 1550 F 1 hr, OQ, temper 1 hr; 0.42C, 0.79Mn, 0.278i, 1.12Cr, 0, 58Ni, 0.98Mo.(5)

(c) Déac ground from 0,625-inch plate; 1650 F 30 min, cool to 1550 F held 30 min, salt Q 400 F 5~7 min, AC, temper 2 hr,
0.006 in, partial decarb. both surfaces, (13)

(d) 1650 F 1 hr, salt Q 400 5 min, AC, 950 F 4 hr; 0.45-0.50C, 0.08-0,15v.(1%9
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TABLE 5. TENSILE PROPERTIES OF 300-M STEEL OVER RANGE OF TEMPERING TEMPERATURES

Tempering Yield Strength Tensile Elongation Yield Strength- Tensile Strength-
Temperature, (0.2% Offset), Strength, in 2 Inches, Hardness Density Ratio, Density Ratio,
F 1000 psi 1000 psi per cent Rc 1000 in. 1000 in,
Air Melted 0.109-Inch Sheet(®)
Longitudinal Specimens
600 231 279 7 53 826 1000
800 189 246 8 48,5 6175 880
Transverse Specimens
600 232 279 5.6 52 830 1000
800 190 249 7 48.5 680 890
Air Melted 0.080-Inch Sheet(P)
Longitudinal Specimens
500 211 215 7.6 53 753 982
600 233 272 5.5 53 832 972
700 177 238 7.0 49,5 632 850
900 188 222 7.5 47.5 672 793
Transverse Specimens
500 211 273 7.0 52,5 155 975
600 216 257 5,0 52,5 772 9117
700 173 231 7.0 48,5 618 825
900 188 222 7.5 47.5 670 793
Vacvum Melted 0.090-Inch Shees(<)
Longitudinal Specimens
600 244 297 6.5 88.5 8172 1060
Transverse Specimens
600 245 296 5,5 §3.5 8175 1060
CEVA Melted 0.080-Inch Shees(d)
Longitudinal Specimens
500 226 279 6.5 47 808 1000
600 231 2717 6.5 50 825 990
800 189 232 6.5 44 6175 828
900 188 217 6.5 42 672 115
Transverse Specimens
500 228 283 6.5 48 815 1010
600 231 2178 6.5 50 825 992
800 195 238 7.0 45 696 850
900 191 220 7.0 43 683 785

Note: Density 0.280 1b/in. 3.

(3) 15875 F 80 min, OQ, temper 2 hr; 0,43C, 0.86Mn, 0,.015P, 0,031S, 1.358i, 1,88Ni, 0. 86Cr, 0.30Mo.(9)
(b) 1575F 40 min, AQ, temper 2 + 2 hr; 0,40C, 0.82Mn, 1.575i, 0.012P, 0.013S, 0.88Cr, 1.84Ni, 0,23Mo, 0.24V,

103 ppm Ng, 26 ppm Og, 2.3 ppm H2.(

(c) 1575F 40 min, OQ, temper 2 + 2 hr; 0,43C, 0.74Mn, 1.57si, 0.009P, 0,0055, 0,91Cr, 1.90Ni, 0, 34Mo, 0. 09V, (10)
(d) 1575F 40 min, AQ, temper 2 + 2 hr; 0.41C, 0.51Mn, 1,57Si, 0.011P, 0,006S, 0.82Cr, 1.80Ni, 0.25Mo,

4 ppm Og, 1.4 ppm Hy. 6)

12 ppm Ny,
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The tensile specimens of MBMC No. 1 steel used in obtaining data for Table 6 had
higher yield strengths than specimens of 300-M steel tempered at corresponding temper-
atures. This is in part the result of slightly higher carbon. Apparently, however,
MBMC No. 1 tends to have insufficient fracture toughness for rocket-case applications.

Airsteel X-200 has higher chromium and molybdenum contents than the 300-M steel.
The larger amounts of these elements tend further to retard the tempering effect in this
steel. Consequently, the specimens of X-200 steel have higher strengths at a given
tempering temperature, in the range from 600 to 1000 F, than do corresponding speci-
mens of 300-M steel. Specimens and components of Airsteel X-200 are normally air
quenched. When tempered at 700 F, they have yield strengths over 230,000 psi or yield
strength-density ratios over 820,000 inches as shown in Table 7. Use of lower tempering
temperatures is avoided because of brittleness.

Tensile properties of sheet specimens of S5A (modified) by G. E. are 275,000 psi
yield strength and 310,000 psi tensile strength, A 1650 F austenitizing treatment and
double temper at 600 F are used in achieving these properties.

The tensile properties of 4137 Co and Rocoloy 270 steels (silicon-cobalt alloy types)
are presented in Table 8. These steels are normally tempered at 550 or 600 F after
quenching in oil or in molten salt at 400 F. It will be noted that the yield strengths of the
4137 Co steel specimens tempered in this temperature range are about 250,000 psi with
a yield strength-density ratio of about 900,000 inches.

. Fl

Sheet specimens of Rocoloy 270, oil quenched and tempered at 600 F, have a yield
strength of 270, 000 psi with a yield strength-density ratio of 968,000 inches.

In Table 9, it will be noted that yield strengths of 230,000 to 240,000 psi can be
achieved in sheet specimens of H-11 steel after austenitizing at 1900 F, air quenching,
and tempering at 1000 F. The corresponding yield strength-density ratios are from
820,000 to 860,000 inches. Reference is often made to the fact that this steel has a
tensile strength-density ratio over 1,000,000 inches in sheet form when tempered at
1000 F. This is illustrated in the column at the far right in Table 9. The tensile data
on unnotched specimens show no appreciable differences in properties for corresponding
specimens from longitudinal and transverse directions in the sheet or between air-melted
and consumable-electrode vacuum-arc-melted material.

The tensile data for Peerless 56 steel, as shown in Table 10, are comparable to
those for H-11 steel. Peerless 56 steel has less chromium and more molybdenum than
the H-11 or 5-chromium type. Specimens of Peerless 56 steel tempered at 1000 F bave
yield strengths between 230,000 and 260,000 psi with ultimate strengths over 300,000
psi. Thus, tensile strength-density ratios over 1,000,000 can be obtained for this steel
also. However, there has been considerably less experience gained in using this steel
than with the H-11 type.

Because of the attractive properties that can be achieved in the 18 per cent nickel
Mar-Aging steels with a 900 F aging treatment, these steels are being subjected to pre-
liminary evaluation tests for large rocket cases. Representative properties for both the
18 and 20 per cent nickel types are shown in Table 11. The 18 Ni (300) type has a yield
strength of 280,000 psi and a yield strength-density ratio of 970,000 inches after the
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TABLE 6. TENSILE PROPERTIES OF MBMC NO. 1 OVER RANGE OF TEMPERING TEMPERATURES

Tempering Yield Strength Tensile Elongation Yield Strength~ Tensile Strength-
Temperature, (0.2% Offser), Strength, in 2 Inches, Hardness, Density Ratio, Density Ratio,
F 1000 psi 1000 psi per cent Re 1000 in. 1000 in,

0.05-Inch Sheet(?)

Transverse Specimens

550 247 281 4.0 882 1000
650 241 271 4.0 861 968
750 236 257 4.5 842 918
850 201 209 5.0 718 746
0.100-Inch Sheet(®)
Longitudinal Specimens
700 246 278 6 54 880 993
750 228 259 7 52 815 925
800 215 236 7 49 768 844
900 186 206 8 46 665 736
Transverse Specimens
700 242 272 4,5 53 865 972
750 226 259 5.5 51.5 808 925
800 209 233 [ 48 747 832
900 187 205 7.5 46 668 732

Note: Density 0.280 1b/in. 3,

() 1600 F 1 hr, OQ, temper 1 hr; 0.45C, 0.81Mn, 1.5251, 0.80Ct, 0.17Ni, 0.07Mo, (5
(b) 1725 F 40 min, OQ, temper 2 hr; 0.43C, 0.98Mn, 1.47Si, 0.14P, 0.0155, 0.73Cr, 0.09Ni, 0.03Mo, 0.04V, 0.00541, (15
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TABLE 7, TENSILE FROFERTYES OF AIRSTEEL X -200 STEEL OVER RANGE OF TEMFERING TEMPERATURES

Tempering Yield Strength Tensile Elongation Yield Strength- Tensile Strength~
Temperature, (0.2% Offset), Strength, in 2 Inches, Hardness, Density Rado, Demity Ratio,
F 1000 psi 1000 psi per cent Re 1000 in, 1000 fn,
Air Melted 0.060-Inch Sheet(®)
Longitudinal Specimens
400 218 312 9 172 1110
600 235 295 7 840 1050
600 238 290 7 850 1040
100 242 285 7 886 1020
800 223 270 10 198 964
1000 203 237 8 725 848
Air Melted 0.105-Inch Sheet(b)
tudinal Specimens
100 235 287 6 52.5 840 1020
800 208 270 9 51 144 965
Transverse Specimens
700 237 275 1.5 63 847 282
800 215 264 51 768 942
Air-Melted 0.080-Inch Sheet(©)
tudinal Specimens
100 233 281 [ 4 832 1000
800 208 266 5.5 53 743 950
1100 171 202 9 44 811 122
Transverse Specimens
700 242 292 4.5 57 865 1040
800 212 275 5.8 53 758 982
1100 176 206 9.5 45 630 195
Vacuum Melted 0.090-Inch(d)
Longitudinal 5pecimens
700 233 285 6.5 63 833 1020
800 204 262 7.0 49,5 730 936
1100 178 208 9,0 43 635 143
CEVA Melted 0.080-Inch Sheet(®)
Longitudinal 5pecimens
100 257 310 5.5 55 920 1110
800 220 2817 5.0 52 7817 1020
1100 189 222 8.0 46 875 793
Transverse Specimens
700 257 313 4.5 54 918 1120
800 221 291 4.5 52 790 1040
1100 194 226 8.0 45 893 808

Note: Density 0. 280 1b/in, 3.

(#) 1750 F 15 min, AQ, temper 30 min; 0. 40C, 0.97Mn, 0.012P, 0,0105, 1,6651, 1,.95Cr, 0.
0.93Mn, 0.012P, 0.020S, 1.2051, 2.22Cr, 0.39Mo, 0.075V.(
1.03Mn, 1,04s1, 0.012P, 0.0165, 1. 92Cr,

(b) 1726 F 30 min, AQ, temper 2 hr; 0.44C,
(c) 1725F 40 min, AQ, temper 2 hr; 0.40C,

12 ppm Og, 2,2 ppm Hz.(

(d) 1725F 40 min, AQ, temper 2 hr; 0. 44C,

7 ppm Og, 1.3 ppm Hg. 6)

(¢) 1725 F 40 min, AQ, temper 2 hr; 0, 49C,

5 ppm Og, 2,0 ppm Hg, 6)

0.88Mn, 1.4751, 0.008P, 0,0075, 1.99Cr,

0.60Mn, 1,77si, 0,011P, 0.007S, 2, 02Cr,

50Mo, 0.07v,(16)

)
0.35Mo, 0.07V, 88 ppm Ng,
0.50Mo, 0,08V, 11 ppm Ng,

0.80Mo, 0,03V, 15 ppm Ng,
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TABLE 8. ROOM-TEMPERATURE TENSILE PROPERTIES OF 4137 Co AND ROCOLOY 270 STEEL
AS SHEET OVER RANGE OF TEMPERING TEMPERATURES

Tempering Yield Strength Tensile Elongation Yield Strength- Tensile Strength-
Temperature, (0.2% Offset), Strength, in 2 Inches, Hardness, Density Ratio, Density Ratio,
F 1000 psi 1000 psi per cent Rc 1000 in. 1000 in,

4137 Co 0.095-Inch Sheet()

550 (OQ) 247 287 5.5 895 1025
600 (OQ) 242 274 6.0 8717 993
650 (OQ) 237 267 6.0 860 967
650 (Saly) 235 275 6.0 852 995
4137 Co (MX-2) 0.095-Inch Sheet(P)
Longitudinal Specimens
400 236 298 7 56 855 1080
550 256 290 6 55 928 1050
650 247 280 6 55 895 1020
800 213 238 7 49 772 862
1000 201 211 9 46 730 765
Transverse Specimens
400 253 304 6.5 54 917 1100
550 255 292 5.5 55 924 1060
650 247 279 5.5 55 895 1010
Rocoloy 270 0.100-Inch Sheet(c)
400 240 332 7.0 58,5 860 1190
500 266 324 5.3 58 954 1160
600 270 320 5.5 51,5 968 1150
700 265 308 5.3 56 950 1100
800 226 283 6.8 54 810 1010
900 214 278 7.8 53 768 996
1000 232 266 7.3 52 840 953

(a) 4137 Co specimens austenitized at 1700 F for 25 minutes, quenched in oil or in salt at 400 F for 10 minutes, and tempered
(density 0.276 1b/in. 3,

(b) MX-2 alloy specimens, 1675F 30 minutes, oil quenched, tempered 1.5 + 1.5 at indicated temperatures; C 0.41, Mn 0. 64,
$10.54, P 0,012, S 0.014, Ni 0,15, Cr 1.23, Mo 0.27, Co 1,03, V 0.22, A1 0,09.(17

(c) Rocoloy 270 specimens austenitized at 1730 F for 25 minutes, oil quenched, and triple tempered for 1-1/2 hours at indicated
temperature (density 0,279 1b/in, 3).(:l8



TABLE 9. TENSILE PROPERTIES OF TYPE H-11 STEEL OVER RANGE OF TEMPERING TEMPERATURES

Tempering Yield Suength Tensile Elongation Yield Strength- Tensile Strength-
Temperature, (0.2% Offset), Strength, in 2 Inches, Hardness, Density Ratio, Density Ratio,
F 1000 psi 1000 psi per cent Rg 1000 in, 1000 in,

Air Melted 0.125-Inch Vascajet 1000 Sheet(%)

Longitudinal Specimens
1000 298 54

1050 283 53
1100 243 45

Transverse Specimens

1000 2417 296 4.5 54,5 883 1060
1050 238 279 6 54 850 1000

Air Melted 0.080-Inch Sheet(b)

Longitudinal Specimens

1000 231 287 5.0 825 1030
1050 204 255 6.5 730 912
1100 175 217 8.5 625 775

Transverse Specimens

1000 230 288 5.8 822 1030
1050 200 261 6.5 715 932
1100 175 215 8.5 625 770
CEVA Melted 0.080-Sheet(<)
Longitudinal Specimens
1000 228 2817 5.5 56,5 815 1020
1050 211 261 7.0 83.5 755 932
1100 174 220 7.5 48,5 622 1856
Transverse Specimens
1000 230 291 5.0 517 822 1040
1050 214 265 6.5 54 765 948
1100 173 220 8.0 48.5 618 185

Note: Density 0,280 Ib/in, 3.

(a) 1900 F 30 min, AQ, temper 3 + 3 + 3 hr; 0,41C, 0,36Mn, 0, 015P, 0.016S, 0,09551, 5,55Cr, 1.21Mo, 0.53V.(9)

(b) 1900 F 40 min, AQ, temper 3 + 3 + 3 hr; 0,41C, 0,37Mn, 0.80Si, 0.016P, 0.019S, 5.96Cr, 0,57Mo, 0,48V, 29 ppm No,
105 ppm O,, 1.6 ppm H2.(6)

(c) 1900 F 40 min, AQ, temper 3 + 3 + 3 hr; 0.44C, 0.25Mn, 0.895i, 0.011P, 0.010S, 5,06Cr, 1,35Mo, 0.78V, 53 ppm No,
8 ppm Oy, 1.1 ppm Hp.
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TABLE 10, TENSILE PROPERTIES OF PEERLESS 56 STEEL OVER RANGE OF TEMPERING TEMPERATURES

Tempering Yieid Strength Tensile Elongadon Yieid Strength- Tensile Strength-
Temperature, (0.2% Offset), Strength, in 2 Inches, Hardness, Density Ratlo, Density Ratio,
F 1000 pei 1000 pst per cent Re 1000 in, 1000 in,

0.09-Inch Shoet{(®)

Transverse Specimens
1100 208 244 6.0 48
1150 164 190 7.5 41
1200 136 160 10 34

Air Melted 0.067-Inch Thick(®)

Longitudinal Specimens
1000 263 57
1100 220 51

Transverse Speciniens
1000 256 6 56, 5
1100 218 5.5 0,5

Air Melted 0.080-Inch Thick(e)

Longitudinal Specimens
1000 57
1020 58
1100 . 58
1125 83

Transverse Specimens

1000 245 314 . 4.5 58,5 875 1120
R 1020 255 314 5.0 58 910 1120
1100 238 282 5.0 55, 5 850 1010
’ 1125 228 266 5.0 83 815 950
Yecuum Melted 0.090-Inch Sheet(d)
I . Longitudinal Specimens
1020 258 308 5,0 58 922 1100
1050 250 292 6.0 83,5 893 1040
1100 231 267 6,5 52 825 955

Transverse Specimens

1020 260 307 5.0 5.5 930 1100
1050 260 302 6.0 54.5 930 1080
1100 230 272 6.0 52 822 972

CEVA Melted 0.080-Inch Sheet(*)

Longitudinal Specimens

1000 229 305 5.5 58 818 1090
1020 231 303 5,5 57,5 825 1080
1100 226 275 5.5 55,5 808 982
1125 209 255 5,0 83,5 47 910
Transverse Specimens
1000 233 - 305 5,6 58 832 1080
1020 234 300 5,5 57.5 838 1070
1100 227 2175 5,5 55 810 982
1125 211 255 5.0 53 763 910

Note: Density 0.280 1b/in. 3.

(a) 1500 F preheat, 1875 F 8 min, AQ, temper 1 hr; 0.39C, 0. 57Mn, 1.058i, 3.45Cr, 2.62Mo, 0,38V (9

(b) 1950F 30 min, AQ, temper 3 + 3 hr; 0.40C, 0.65Mn, 0.010P, 0.016S, 0.98S1, 3.00Ct, 2.88Mo, 0.32V; ground
from 0. 109 inch after HT.()

(<) 1950 F 30 min, AQ, tempet 2 + 2 hr; 0.43C, 0.50Mn, 0.77Si, 0,011P, 0,030S, 3.40Gt, 2.50Mo, 0. 45V, 52 ppm Ny,
22 ppm Og2, 2.0 ppm Hg.‘a)

. (d) 1950 F 40 min, AQ, temper 3 + 3 hr; 0.38C, 0.57Mn, 1.04S1, 0,009P, 0.008S, 3.31Cr, 2.88Mo, 0,49V, 13ppm Na,

76 ppm Og, 1.1 ppm Hg.(s)

{e) 1950 F 30 min, AQ, temper 2 + 2 hr; 0.38C, 0.41Mn, 0,931, 0,010P, 0.006S, 3.31Ct, 2.55Mo, 0.46V, 38 ppm Nz,
8 ppm Og, 1.0 ppm Hq, (¥
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inches. Although still new, these steels are reported to be readily fabricated and welded
in the "annealed' condition. After fabrication and welding, the high strength level can be
achieved by the simple aging treatment. An aging furnace for 240-inch-diameter cases,
for example, would be considerably less complex than a furnace for austenitizing and
quenching treatments that would be required for the other steels. Large furnaces for
stress-relieving weldments are in service, and this is the type that would be required.

At the present time, there are a number of research projects for studying the
effect of combinations of heat treating plus plastic deformation of alloy steels to achieve
specimens and components of higher strength levels than can be achieved by the usual
heat-treating procedures. These studies include the processes known as ausforming,
marforming, and others. By using these processes under carefully controlled conditions,
very high strengths can be obtained in certain alloy steels. In some of these studies, the
object is to apply these processes to pressure vessels, To date, results of these latter
studies are very limited. The present state of the art has not reached the point where
these processes can be considered for use in producing large rocket cases.

FRACTURE TOUGHNESS OF HIGH-STRENGTH STEELS

A lengthy discussion of fracture toughness of rocket-case steels is outside the
scope of this report, but it cannot be overlooked in discussing the properties of these
steels. A number of testing methods have been proposed for evaluating the fracture
toughness or brittle fracturing characteristics of high-strength steel sheet. However,
none of these methods has been accepted as standard. Of the proposed specimens
intended for tensile loading, the designs include edge-notched and center-slotted speci-
mens as well as specimens with short center cracks through the thickness and center
cracks part way through the thickness, Specimens for other methods of loading have
also been proposed.

Studies to evaluate the fracture toughness of various alloy steels have been reported
by Freymeyer(éx 9,10,15, 17), March(7,8, 11), Srawley(zo), Steigerwa.ld(2 1), and many
others. Many factors such as strength level, grain size, melting practice, inclusion
rating, thickness, specimen direction in the sheet, and degree of decarburization affect
the fracture toughness. '

For current cormmercial alloy steels and heat treatments, there appears to be a
maximum relative fracture toughness level {for a given thickness) corresponding to each
yield-strength level. This is shown by the points in Figure 1 from a report by Srawley
and Beachem(20), The presence of certain alloying elements in the steels, as well as the
factors noted above, influences the positions of the points on this graph. The objective is
to achieve a maximum indication of fracture toughness for the specified yield-strength
level or to find some means to exceed the present upper limit. It will be noted that the

il
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maraging treatment. The corresponding tensile strength-density ratio is 1,000,000
upper limit can be achieved with several types of alloy steels.
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FIGURE 1. FRACTURE-STRENGTH RATIOS VERSUS YIELD STRENGTH FOR
SEVERAL COMMERCIAL STEELS AT ROOM TEMPERATURE

(Srawley and Beachem, Reference 20.)

Note: Steel G is Type H-11, Steel P is AMS 6434, Steel X is
nonstandard Ni-Cr-Mo-V type, Steel L is nonstandard
Cr-Mo-V type, Steel C is AISI 4340 (modified), and
Steels W and AD are stainless steels (AD was cold
rolled and aged, and point shown is for longitudinal
specimens). Steels G, P, X, L, and C were consumable-
electrode vacuum melted.
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REVIEW OF PRESSURE-VESSEL TESTS

As service stresses in the relatively thin shell of a rocket-motor case are pri-
marily of the biaxial type, a number of ithe steels listed in Table 1 have been tested as
pressure vessels of various sizes, or as subscale motor cases, to evaluate them under
biaxial stresses. Data from uniaxial tensile specimens have not been considered a reli-
able indication of the properties obtained through biaxial stressing. Furthermore,
pressure-vessel testing permits an evaluation of other factors such as decarburization,
effect of various end-closure contours, welds, mismatch, etc. Usually the pressure
vessels are instrumented with strain gages, pressure gages, and associated instrumenta-
tion to measure strains in various locations and directions, internal pressures, volu-
metric changes, etc. Burst tests are very expensive to perform, but results of these
tests are needed in order to correlate the data with data from other types of mechanical
tests to show the relationships that exist.

Selected data from pressure-vessel tests are presented in Table 12, In general,
the data were selected to show the highest or best results for the burst tests in the various
series of pressure vessels studied. The data, therefore, show the potential pProperties
that can be achieved for a given steel with a specified heat treatment under biaxial load-
ing. For pressure vessels in a specific series representing one material, fabrication
technique, heat treatment, etc., those that failed at stresses substantially lower than the
maximum in the series probably failed at the lower stress level because of unexpected
flaws, mismatch, or other sources of stress concentration. Data were used as reported
even though the basis for yield stresses in the pressure-vessel tests were not necessarily
the same. Corrections for such variations have been made by Sachs, Schapiro, and
Hoffman in comparing data from a number of the same sources.(33) Consideration of
these corrections does not modify the conclusions of this review. Chemical analyses
and processing data for the vessels in Table 12 are given in Table 13.

Probably the most interesting data in Table 12 are in the two columns headed Hoop
Yield Stress-Yield Strength Ratios and Burst Stress-Tensile Strength Ratios. The re-
quired data for calculating these ratios were not given in some instances, but available
data are sufficient to illustrate the point. It has been shown theoretically by a number of
investigators that, when cylindrical specimens are subjected to internal pressure to ob-
tain biaxial stresses at a 2:1 ratio, the major biaxial stress at the yield strength should
be about 1,15 times the uniaxial yield strength, and the maximum stress at bursting load
should be about 1. 15 times the uniaxial ultimate strength. In some instances, the
criterion for biaxial yielding was not exactly comparable to the 0, 2 per cent offset yield
strength as used in tensile tests. A higher ratio than 1. 15 will be obtained for the burst-
ing stress if there is localized plastic bulging before bursting occurs. If there are stress
concentrations at flaws, welds, bosses, etc,, and fracture starts at one of these loca-
tions, it is likely that the ratio based on nominal stresses will be less than 1. 15,

As shown in Table 12, these ratios are usually over 1.00 and many of them are
within the range 1,10 to 1,20. Ratios within this range are indicative of successful de-
sign, fabrication, heat treatment, and inspection of the pressure vessel. Itis signifi-
cant to note that ratios over 1.00 can be obtained with most of the steels listed even
when heat treated to high strength levels,
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Additional burst-test data to show the effect of testing temperature are presented in
Table 14, Results of these tests over the temperature range from -160 to 365 F also
show the effect of biaxial strengthening (burst strength-tensile strength ratios over 1,00).
Of particular interest are the data on the per cent of shear fracture. At the lower tem-
peratures, the relative amount of shear was as low as 73 per cent, indicating as much as
27 per cent flat brittle fracture. These data provide the upper portion of burst-test
transition-temperature curves based on per cent shear in the fracture. At lower test
temperatures, the percentage of brittle fracture would increase and eventually the pres-
sure vessels would become embrittled to the point where the burst hoop stress would be
less than the uniaxial tensile strength at the same temperature.

This discussion leads to the conclusion that the particular alloy steel selected for
a given rocket system is not so important as certain other factors so long as the steel
has the following characteristics;

(1) Minimum carbon content consistent with desired strength level
(2) Sufficient hardenability to harden throughout

(3) Can be tempered to the desired strength level without encountering
an embrittling effect

(4) Canbe tempered to the desired strength level at a sufficiently high
temperature to give at least partial residual stress relief and trans-
formation of most of the retained austenite

(5) Free of gross inclusions that might initiate brittle fracture

(6) Satisfactory weldability without tendency to develop welding cracks
or flaws

(7} Minimum distortion during welding and heat treating
(8) Adequate fracture toughness for the intended application,

There is evidence to indicate that the load carrying-ability of a 4340 steel specimen
having a small flaw is not the same as for a similar specimen of H-11 steel having a
sim.ilar flaw and heat treated to the same strength level, The point is that under certain
circumstances, steels at the same strength level but of different compositions do show
different characteristics. These differences are not to be overlooked in selecting a high-
strength steel or steels for rocket-motor cases. Melting technique is also important
from the standpoint of toughness at high strength levels. Furthermore, the environment
(moisture in the air), exposure temperature, and fluid used in pressurizing the pressure
vessels are factors that can affect the results of the pressure-vessel tests as well as of
service performance.

In the fifth column of Table 12, depth of decarburization is given as indicated by
superficial hardness measurements across a polished cross section of a heat-treated
specimen corresponding to the material in the pressure vessel. Itis doubtful that all of
the investigators used the same technique but most of the investigators have realized that




-

28

19915 QFEH Y3 JO TRI2A9S 107 STSARUR TEOTWSYD °PII[SWI WINNOBA SeM [991S 0PEH 941

‘GE @duaI9JON UT f (pE pur danjeredwo) jusiquUe je PIISd} I93dWUEIP G HE JO S[9S594 2anssaad 19935 DG U0 BIRP PAITWIT
2H wdd 2 *g¢-7°7 ‘20 wdd g9-gz ‘N wdd 471-901 ‘SL00°0 ‘d10 0> Sesm S[osSeA

*Suuurds pue Suymeap Aq paonpoad s1om sy9ssaA sanssaad [V

‘susuroeds Surpuodseirod e 107 eiep ofersay (®)

220 °0
9 PT°1-60 "1 v6 Lz 792-0%2 -200°0 26°¢ §60°0 (=) SL
0£0°0
9 -- €6 262 -200°0 2S°¢ §60°0 (e} 02~
220°0
L SZ¥ o = 0091 -2 88 ol 4:14 -100°0 2¢§°€ 5600 (e} S01-  oved
€ §Z°1 56 L 662 0°9 8¢ 902 12°8 sol ‘0 (e) 08
€ 00% uo 83 00LT -2 €L 90¢€ 12°6 S01°0 (e) S01-  OEl¥
g Lot 001 Lz 0's €61 L91 12°6 S01°0 (e} §9¢
€ == 00T €12 12°6 S01°0 (e} . 002
€ et 011 Lgee ¥ 10z §81 1Z°g S01°0 (e) SL
1 - 00T §°122 12°s s01°0 - 9
T i 001 § 122 12°¢ S0T 0 = g
€ 601 06 0£z 8% 212 z61 12°s S01°0 (e) s01-
1 628 jife] 89 0041 FARN SL 34 §°'s 012 861 1e2°s G501 °0 = 091~ OtI¥
samyexad Ki ysuanyy g9jnurld Kt oney qusd zad  1sd gggor 3Jueo xad  1sd goor 154 0QOI your sayout your *oN K 12315
~wag, ‘dus ], ‘aury, ‘duray, y18usaig ‘sanioexy ‘ssexig ‘curz ur ‘y3fusmg ‘(39sy30  'qiedsg  ‘werqg ‘ssawdryy, [ossep  ‘dwey
sureg Supredwe], Furznidessny S[ISU?y, Ul IvIYS dooy uotyed sTIsuay, %7 "o} em 1837,
je jusunesiy jesy ~559118 jsang ~uoyyg yi8uanis
po3say, jsang 'l IS°L PIAIX
EICEEETN eanssaldg sennzedoad oftsua]
Jo "oN

QMVAQHH...NHw%JUZDV STASSIA YNSSTEL TIAAOW

VOJ VIVA LSAL-LSENG NO AYNILVITIWIL ONILSAL JO LOFIAT “$1 TTAVL




29

this is a factor and have measured it, Investigators at Pratt & Whitney and at other
laboratories have studied the effect of partial surface decarburization and have found that
a controlled partially decarburized surface layer of limited depth is practically necessary
in obtaining burst stress-tensile strengtl: ratios over 1,00, The optimum amount of
decarburization has very little if any effect on the tensile properties.

From this discussion, it is evident that there is much that can be done to optimize
the results of the burst tests and performance. Freedom from flaws, storage in a dry
environment, use of oil rather than water for pressurizing, maintenance of the tempera-
ture at the specified level (preferably not too cold), production of a partially decarbur-
ized surface layer during heat treating, etc., can improve results of pressure testing.
The method of mechanical support of the pressure vessel during pressure testing also
can be a factor. B

In comparing the fabrication methods with burst stress — tensile stress ratios in
Table 12, it appears that the ratios for vessels produced by the roll-and-weld technique
are often over 1.00, but the ratios for the deep-drawn and power-roll-formed vessels
may be higher in some instances. The data are not conclusive, but this is an interesting
comparison to follow since the roll-and-weld technique will be required in the initial
fabrication of the large motor cases of 120-inch diameter and over.
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Contract No. AF 33(600)-36610 and Supplemental Agreement No. 14, ASTIA

AD 263469 (September 20, 1961).
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